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ABSTRACT 
Two e f f e c t s  which i n f l u e n c e  t h e  accu racy  of cesium beam 
pr imary  f requency  s t a n d a r d s  are examined: (A) second 
o r d e r  Doppler s h i f t ,  and (B) a p p a r e n t  f r equency  s h i f t  
upon r e v e r s a l  of t h e  s t a t i c  C- f i e ld  (-60 mGatiss) i n  
which t h e  h y p e r f i n e  t r a n s i t i o n s  occur .  
(A) A new t e c h n i q u e  f o r  e v a l u a t i n g  t h e  v e l o c i t y  
d i s t r i b u t i o n  of  t h e  Cs beam is p re sen ted .  Using t h i s  
m e t h o d ,  t h e  s e c o n d  o r d e r  Doppler  s h i f t  (p = 4 x 10-13 
f o r  o u r  pr imary  A s l a n d a r d s )  can  be e v a l u a t e d  t o  a n  
L1 L 
u n c e r t a i n t y  o f  r = , a n  i m p r o v e m e n t  on  o u r  
p r e v i o u s  u n c e r t a i n t y  of  2 x 10-1". 
(B) P r o g r e s s  i n  u n d e r s t a n d i n g  t h e  o r i g i n s  of t h e  
f r equency  s h i f t  a f  o u r  pr imary s t a n d a r d s  as t h e  s t a t i c  
C- f i e ld  is r e v e r s e d  i r .  d i r e c t i o n  i s  r epo r t ed .  T h i s  
e f f e c t  h a s  been e l i m i n a t e d  i n  o u r  e v a l u a t i o n s  of  C s V ,  
bu t  n o t  f o r  t h e  CsVI's.  
A p p l i c a t i o n  of  t h e s e  methods i n  e v a l u a t i n g  NRC c l o c k s  
g i v e s  no f r equency  s h i f t  o u t s i d e  p r e v i o u s l y  p u b l i s h e d  
e r r o r  budgets.  
A major problem w i t h  pr imary  cesium c l o c k s  is  d e t e r m i n i n g  t h e  v e l o c i t y  
d i s t r i b u t i o n  o f  t h e  Cs atoms,  which is n e c e s s a r y  t o  e v a l u a t e  t h e  second 
o r d e r  Doppler  s h i f t .  P r e v i o u s  app roaches  e i t h e r  s i m u l a t e d  t h e  Ramsey 
p a t t e r n  w i th  t runca , t ed  v e l o c i t y  d i s t r i b u t i o n s  ( ~ u n g a l l l  ); used  t h e  Ramsey 
p a t t e r n  i t s e l f  ( ~ a a m s *  and ~ a r v i s ~  ); o r  used p u l s e  e x c i t a t  ior.   ellwi wig'+ ). 
The f i r s t  two methods s u f f e r  from t h e  3pproximat ions  made e i t h e r  t o  t h e  form 
o f  t h e  v e l o c i t y  d i s t r i b u t i o n  o r  i n  i ts  c a l c u l a t i o n  from t\e Ramsey p a t t e r n .  
The t h i r d  method r e q u i r e s  major  m o d i f i c a t i o n  of  t h e  microwave e x c i t a t i o n  
system. We haved found a n o t h e r  method u s i n g  t h e  r e l a t i o n  between t h e  
t r a n s i t i o n  p r o b a b i l i t y  a t  t h e  c e n t e r  of  t h e  Ramsey p a t t e r n  and t h e  
(microwave) e x c i t a t i o n  l e v e l .  We have shown t h a t  t h i s  f u n c t i o n  is  a s i m p l e  
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c o s i n e  t r ans fo rm of t h e  t i m e  of f l i g h t  d i s t r i b u t i o n .  The new method is  more 
a c c u r a t e  and is  e a s i e r  t o  u se  than  t h e  o l d  methods. 
Another  problem which was thought  t o  e x i s t  i n  cesium beam c l o c k s  is t h e  
so -ca l l ed  "Millman e f f e c t " 5 .  It has  been proven by Vanier  et  a16 t h a t  t h e  
M i l l m a n  e f f e c t  d o e s  n o t  e x i s t  f o r  a A m  = 0 t r a n s i t i o n  b u t  o n l y  f o r  a  
A ~ F  = f 1 t r a n s i t i o n .  The f r e q u e n c y  s h i f t  r e s u l t i n g  from r e v e r s a l  of  t h e  
C-f ie ld  r e p o r t e d  e a r l i e r  by ~ u n ~ a l l s  f o r  CsV, was a consequence o f  t h e  
method used t o  measure and set t h e  C-f ie ld  i n  t h e  normal and r e v e r s 4  f i e l d  
d i r e c t i o n s  ( u s i n g  (4,-4) t o  (4,-3) t r a n s i t i o n s ) .  It Cs no t  21) o f f s e t  i n  
f requency due t o  t h e  d i r e c t i o n  of t h e  C-field.  T h i s  was demonst ra ted  i n  
C s V ,  t l s i n g  f i e l d  dependen t  t r a n s i t i o n s  w i t h  AmF = 0 t o  measure and set t h e  
C-f ie l J .  However, i n  t h e  c a s e  o f  CsVI's t h e r e  is an  a p p a r e t t  s h i f t  i n  
f requency upon f  i e l d  r e v e r s a l  u s i n g  e i t h e r  of t h e s e  two methods. 
A - Determination of the velocity distribution 
a )  The e x c i t a t i o n  l e v e l  method 
I n  cesium f requency s t a n d a r d s ,  t h e  t r a n s i t i o n  p r o b a b i l i t y  a t  t h e  r e sonan t  
f requency of a n  atom between states p  and q  is g iven  by7: 
where b  is t h e  e x c i t a t i o n  l e v e l  and .r t h e  t i m e  of  f l i g h t  through one of t h e  
two c a v i t i e s .  It can he shown t h a t  t h i s  r e l a t i o n  is  t r u e  w i t h i n  a p a r t  i n  
106 f o r  t y p i c a l  primary cesium s t a n d a r d s  w i t h  c u r r e n t l y  a t t a i n a b l e  
u n i f o r m i t y  of t h e  C-f i e l d ,  microwave e x c i t a t i o n  l e v e l  and microwave phase*. 
Using s imple  t r i g o n o m e t r i c  man ipu la t ion  t h i s  e q u a t i o n  can  be r e w r i t t e n :  
On t h e  o t h e r  hand, t h e  measured s i g n a l  ampl i tude  i s  t h e  i n t e g r a l  ove r  a l l  
p o s s i b l e  t imes  of f i i g h t  
which can  be r e w r i t t e n  a s :  
1 
m 
I ( h )  = C o n s t a n t  - - I  2 f ( 7 )  c o s  4bz d ~ .  
* J-S Boulanger,  t o  be pcbl i shed .  
The second term is a c o s i n e  t r a n s f o r m  of t h e  time of f l i g h t  distribution. 
The r e v e r s e  o p e r a t i o n  g i v e s  ( f o r  r # 0):  
(b 
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( )  X(b) c o s  4b7 d b .  
S ince  vt = 1 ,  t h e  l e n g t h  of one c a v i t y ,  i t  f o l l o w s  t h a t  t h e  v e l o c i t y  
d i s t r i b u t i o n  is: 
f ( v )  = t 2 f ( t )  x c o n s t a n t  ( 6 )  
C ~ n s e q u e n t l y  i t  is  p o s s i b l e  t o  c a l c u l a t e  t h e  time of f l i g h t  d i s t r i b u t i o n ,  
and hence t h e  v e l o c i t y  d i s t r i b u t i o n ,  from measurments of t h e  ampl i tude  of 
t h e  s i g n a l  a t  t h e  c e n t e r  of t h e  resonance  a s  f u n c t i o n  of  t h e  e x c i t a t i o n  
l eve  I. 
Once t h e  v e l o c i t y  d i s t r i b u t i o n  is  known i t  can be used i n  t h e  g e n e r a l  Rarnsey 
equat ion7 t o  r e t r i e v e  t h e  Rams?y p a t t e r n  of Cs beam i n t e n s i t y  v s  microwave 
frequency.  T h i s  p a t t e r n  can a l s o  be measured and t h e  agreement betwee? t h e  
c a l c u l a t e d  and t h e  measured p a t t e r n s  s e r v e s  as a check f o r  t h e  accu racy  of 
t h e  v e l o c i t y  d i s t r i b u t i o n .  The second o r d e r  Doppler s h i f t  can be 
e v a l u a t e d  from t h e  v e l o c i t y  d i s t r i b u t i o n  i n  a s t r a i g h t f o r w a r d  manner. 
(b )  Exper imenta l  and computa t ional  t e c h n i q u e  
We used  t h e  c l o c k s  wi thou t  m o d i f i c a t i o n s  a l though  f o r  C s V ,  t h e  2 l n e t e r  
- 
c l o c k ,  w e  had t o  change t h e  microwave s o u r c e  i n  o r d e r  t o  o b t a i n  s u f f i c i e n t  
power. These c locks0  a r e  of t h e  f lop - in  t y p e  w i t h  a s i n g l e  c a v i t y  p r o v i d i n g  
two e x c i t a t i o n  regions .  The e x c i t a t i o n  is  normally provided  by a  Gunn 
o s c i l l a t o r  and a c a l i b r a t e d  v a r i a b l e  a t t e n u a t o r .  For t h e  C s V I ' s ,  10 mW of  
microwave power is a v a i l a b l e ,  and t h e  a t t e n u a t o r  cove r s  a  range  of 70 dB. 
For t h e  p r e s e n t  experiment  t h e  Gunn o s c i l l a t o r  was locked t o  a s e p a r a t e  C s  
r e f e r e n c e  and set a t  t h e  c e n t e r  f requency of  t h e  Ramsey p a t t e r n .  
The e x c i t a t i o n  l e v e l  i n  t h e  c a v i t y  is not  known e x a c t l y .  It can  be 
c a l c u l a t e d  u i r h i n  a few p e r c e n t  from a knowledge of t h e  c a v i t y  Q 
( l oaded  Q - 4000 f o r  ou r  c l o c k s )  and t h e  power a v a i l a b l e .  G r e a t e r  accu racy  
can  be o b t a i n e d  by f i t t i n g  t h e  c a l c u l a t e d  Ramsey p a t t e r n  t o  t h e  Ramsey 
p a t t e r n  measured on t h e  c lock .  T h i s  p a t t e r n  can be c h a r a c t e r i z e d  by i ts  
shape  ( t h e  r e l a t i v e  ampl i tude  of  secondary  peaks and v a l l e v s  t o  t h e  c e n t r a l  
peak,  t h e  number of peaks ,  e t c . )  and by i t s  scale i n  Her t z  ( t h e  d i s t a n c e  
between peaks ,  o r  t h e  width  a t  h a l f  t h e  h e i g h t  of  t h e  c e n t r a l  peak,  etc) .  
From t h e  Rarnsey e q u a t i o n ,  i t  can be seen  t h a t ,  a p a r t  from t h e  dependence on 
b ,  t h e  shape  of t h e  Ramsey p a t t e r n  i s  dependent  on ly  on t h e  shape  o f  t h e  
v e l o c i t y  d i s t r i b u t i o n ,  i f  t h e  second o r d e r  Doppler s h i f t s  and t h e  c a v i t y  
phase  d i f f e r e n c e s  are n e g l e c t e d  ( v a l i d  f o r  a  f i r s t  approximat ion) .  The 
f r equency  s c a l e  of t h e  Ramsey p a t t e r n  ( o r  i t s  width)  i s  de termined o n l y  by 
t h e  v e l o c i t y  s c a l e  ( o r  t h e  ave rage  v e l o c i t y  of t h e  d i s t r i b u t i o n ) ,  and t h e  
c l o c k  length .  
We a d j u s t  a  s c a l e  f a c t o r  and recompute  t h e  F o u r i e r  t r a n s f o r m  of  t h e  
e x c i t a t i o n  l e v e l  d a t a  u n t i l  t h e  t h e o r e t i c a l  and e x p e r i m e n t a l  w i d t h s  of t h e  
Ramsey p a t t e r n s  a r e  e q u a l .  The a d j u s t m e n t  is a  few p z r c e n t  o f  t h e  power. 
T h i s  f i t t i n g  is  r e q u i r e d  o n c e  f o r  e a c h  c l o c k .  The Gunn o s c i l l a t o r s  a r e  
s u f f i c i e n t l y  s t a b l e  i n  power f o r  t h e  same s c a l e  f a c t o r  t o  be a d e q u a t e  two 
montns  a f t e r  t h e  f i r s t  ineasurement ,  i n c l u d i n g  a r e v e r s a l  o f  t h e  beam 
d i r e c t i o n .  
I n  o r d e r  t o  r e s o l v e  t h e  Rabi  r e s o n a a c e s  and min imize  t h e  e f f e c t  o f  t h e  
o v e r l a p p i n g  of  t h e  f i e l d  d e p e n d e n t  t r a u s i t i o n s  on t h e  ( 3 , 0 ) + * ( 4 , 0 )  
t r a n s i t i o n  a t  h i g h  power l e v e l s ,  t h e  C - f i e l d  was r a i s e d  t e m p o r a r i l y .  A s  i s  
s e e n  :n F i g u r e  1, a t  20 dR above  t h e  optimum power l e v e l  f o r  t h e  Ramsey 
r e s o n a n c e ,  t h i s  e f f e c t  i s  q u i t e  s e r i o u s  a t  a  C - f i e l d  o f  67 mGauss which is  
t h e  normal  o p e r a t i n g  f i e l d .  A m a g n e t i c  f i e l d  o f  260 mGauss is  enough t o  
r e d u c e  t h i s  problem t o  a c c e p t a b l e  l e v e l s  a s  s e e n  i n  t h e  same f i g u r e .  
( c )  P r o c e s s i n g  of  d a t a  
A F a s t  F o u r i e r  ~ r a n s f G r m  (FFT) program was used. It r e q u i r e s  d a t a  e q u a l l y  
s p a c e d  i n  e x c i t a t i o n  l e v e l .  Because  o f  t h e  d i f f i c u l t y  i n  s a t i s f y i n g  t h i s  
c o n d i t i o n  w i t h  o u r  a t t e n u a t o r ,  we u s e d  a  s p l i n e  i n t e r p o l a t i o n  t o  e x t r a c t  
a b o u t  200 p o i n t s  f rom t h e  75 e x p e r i m e n t a l  p o i n t s  ( s e e  F i g u r e  2). We hope i n  
t h e  n e a r  f u t u r e  t o  be a b l e  t o  t a k e  more p o i n t s ,  i m p r o v i n g  t h e  a c c u r a c y  o f  
t h e  d a t a  f e d  t o  t h e  FFT. 
We have  a l s o  added a  " ta i l "  of  c o n s t a n t  v a l u e  e q u a l  t o  t h a t  o f  t h e  h i g h e s t  
power d a t a  p o i n t  beyond t h e  l a s t  measured p o i n t  t o  f i l l  t h e  1034 p o i n t s  
needed  by t h e  program. T h i s  a p p r o a c h  is j u s t i f i e d  by t h e  f a c t  t h a t  a t  h i g h  
e x c i t a t i o n  l e v e l  t h e  d e t e c t o r  r e s p o n s e  t e n d s  t o w a r d s  a  c o n s t a n t .  I f  t h e  
e x c i t a t i o n  is s u f f i c i e n t l y  g r e a t ,  e v e n  t h e  h i g h  v e l o c i t y  a toms  make many 
t r a n s i t i o n s  i n  p a s s i n g  t h r o u g h  t h e  c a v i t i e s .  I f  we a v e r a g e  a  l a r g e  number 
o f  a toms a t  d i f f e r e n t  v e l o c i t i e s ,  t h e  a v e r a g e  t r a n s i t i o n  p r o b a b i l i t y  is t h e n  
e x a c t l y  one  h a l f .  The e f f e c t s  o f  a d d i n g  t h i s  " ta i l "  a r e  d i s c u s s e d  below. 
( d l  S f f e c t s  o f  e x p e r i m e i i t a l  d i f f i c u l t i e s  
I n  o r d e r  t o  e v a l u a t e  t h e  i n f l u e n c e  o f  p o t e n t i s l  s o u r c e s  o f  e r r o r  i n  t h i s  
method, we have  e x a g g e r a t e d  f o b r  s e p a r a t e  e r r o r  so : l rces  and  examined t h e  
c o n s e q u e n c e s  o f  each .  I n  e a c h  c a s e ,  f o l l o w i n g  t h e  method d e t a f l e d  a b o v e ,  a 
v e l o c i t y  d i s t r i b u t i o n  was o b t a i n e d ,  and t h e  s c a l e  f a c t o r  was checked  u s i n g  
t h e  w i d t h s  of t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  c e n t r a l  Ramsey peaks .  
Each time, t h e  q u a l i t y  o f  t h e  agreement  i n  terms of  t h e  s h a p e  o f  t h e  two 
Ramsey c u r v e s  c o u l d  be o b s e r v e d ,  and c h a n g e s  i n  t h e  c a l c u l a t e d  v e l o c i t y  
d i s t r i b u t i o n  c o u l d  be noted.  F o r  t h e  c u r v e s  p r e s e n t e d  i n  F i g u r e s  3 t o  6, 
t h e  agreement  between t h e  two Ramsey c u r v e s  i s  a p p r o x i m a t e l y  1% of  t h e  
c e n t r a l  Ramsey peak,  The f o u r  s o u r c e s  o f  e r r o r s  we have  i n v e s t i g a t e d  i n  
t h i s  manner a r e :  
1) E f f e c t  of q # 0  t r a n s i t i o n s  
I f  t h e  m a g n e t i c  f i e l d  is  t o o  low, a n  e x t r a n e o u s  s i g n a l  f rom n e i g h b o u r i n g  
. . t r a n s i t i o n s  is  added t o  t h e  t r u e  s i g n a l  f o r  h i g h  e x c i t a t i o n  l e v e l s .  
. ,  
Comparing F i g u r e  3 w i t h  F i g u r e  7-a shows t h e  d i f f e r e n c e  between two sets of  
d a t a  a t  !ow (67 mGauss) and h i g h  (260 mGauss) m a g n e t i c  f i e l d s .  A t  a  low i f i e l d  t h e  e f f e c t  c a u s e s  a n  e r r o r  a t  t h e  h i g h  v e l o c i t y  end of t h e  s p e c t r u m ,  
t c r e a t i n g  s m a l l  f a l s e  v e l o c i t y  peaks.  These  a r i s e  s i n c e  t h e  s i g n a l  f rom t h e  
' t 
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nefghbour ing  t r a n s i t i o n s  makes I ( b )  i n c r e a s e  a s  t h e  e x c i t a t i o n  l e v e l  is  
r a i s e d .  T h i s  i n c r e a s e  adds  peaks i n  t h e  s h c r t  time of f l i g h t  ( o r  h i g h  
v e l o c i t y )  reg ion .  
2)  Inadequate  microwave e x c i t a t i o n  l e v e l  
I f  t h e  exper iment  is l i m i t e d  t o  low v a l u e s  3f e x c i t a t i o n  power, t h e  i n t e g r a l  
a p p e a r s  t o  be t runca t ed .  The r e s o l u t i o n  i n  t h e  t ime-o f - f l i gh t  d i s t r i b u t i o n  
i s  l i m i t e d ,  and t h e  v e l o c i t y  d i s t r i b u t i o n  i s  d i s t o r t e d  w i th  t h e  a d d i t i o n  of 
a n  " o s c i l l a t i o n "  a l o n g  t h e  v e l o c i t y  a x i s .  The d i s t o r t i o n  l o o k s  much t h e  
same a s  f o r  t h e  f i r s t  s o u r c e  of e r r o r  a t  h igh  v e l o c i t y  and adds  some n o i s e  
a t  low v e l o c i t y  a s  can  been s e e n  by comparing F igu re  4 w i t h  F igu re  7-a. The 
peaks  a t  h igh  v e l o c i t y  a r e  due t o  t h e  o f f s e t  g e n e r a t e d  by t h e  " t a i l ' '  added 
a t  t h e  wrong l e v e l .  
3) Noise i n  t h e  measured s i g n a l  
S ince  t h e  C s  beam n o i s e  is  much t h e  same a t  aily e x c i t a t i o n  l e v e l ,  i t s  
e f f e c t  a f t e r  FFT should  be v i s i b l e  i n  t h e  r e g i o n s  of l ong  times of f l i g h t  o r  
a t  low v e l ~ c i t l e s .  T h i s  e f f e c t  is s i m u l a t e d  i n  F igu re  5 which r e p r e s e n t s  
t h e  d a t a  c f  F i g u r e  4 t o  which a  n o i s e  e q u i v a l e n t  t o  5% of t h e  s i g n a l  maximum 
h a s  been added b e f o r e  t h e  i n t e r p o l a t i o n .  A Ramsey p a t t e r n  c a l c u l a t e d  from 
such  a  no i sy  set of d a t a  would s t i l l  g i v e  an  e s t i m a t e  of t h e  second o r d e r  
nopp le r  s h i f t  w i t h i n  10 pHz of t h e  n o i s e - i r e e  s e t  of da t a .  In  p r a c t i c e  t h e  
n o i s e  is below 0.2%. 
4) Dens i ty  of p o t n t s  
A s  expec t ed ,  an i n c r e a s e  I n  t h e  d e n s i t y  of p o i n t s  g i v e s  b e t t e r  r e s u l t s .  A s  
c an  be s e e n  i n  F i g u r e  6, when  compare^ t o  F i g u r e  7-c, an  i n c r e a s e  Erom 45 t o  
7 5  p o i n t s  r educes  t h e  n o i s e  a t  low v e l o c i t i e s  by a t  lesst a  f a c t o r  of 4. We 
e x p e c t  t h a t  doub l ing  t h e  number of p o i n t s  should  r educe  i t  even f u r t h e r .  
e )  R e s u l t s  f o r  e a c h  c l o c k :  second o r d e r  Doppler s h i f t  
F i g u r e s  /-a, I-b and I-c show t h e  r e s u l t s  o b t a i n e d  on CsVI -A ,  C s V I - B  and 
CsVI -C  r e s p e c t i v e l y .  F i g u r e s  8-a, 8-b, and 8-c show t h e  Ramsey p a t t e r n s  
c a l c u l a t e d  f o r  e a c h  c l o c k  from t h e  v e l o c i t y  d i s t r i b u t i o n  found by t h e  FFT. 
For comparison w i t h  F igu re  8-a, t h e  expe r imen ta l  Rrmsey p a t t e r n  of CsVT-A is 
a l s o  shown i n  F igu re  8. We have suppres sed  t h e  n o i s e  a t  low v e l o c i t y ,  s i n c e  
t h e  veometry of t h e  c l o c k  would e l i m i n a t e  a l l  atoms w i t h  v e l o c i t i e s  below a 
c e r t a i n  va lue .  
I t  is remarkable how well t h e s e  c u r v e s  f i t  t h e  e x p e r i m e n t a l  Ramsey p a t t e r n s  
up t o  a  thousand h e r t z  away from t h e  c e n t e r  of  resonance  ( s e e  F igu re  8-a). 
The agreement is b e t t e r  t h a n  1% everywhere. I f  t h e  d e l - i b e r a t e l y  d i s t o r t e d  
v e l o c i t y  d i s t r i b u t i o n  of F igu re  3  o r  F i g u r e  4 is used t h e  agreement  is 
reduced t o  a  r e g i o n  of abou t  500 Hz around t h e  c e n t e r  of resonance .  
D e s p i t e  t h i s  r e d u c t i o n  i n  q u a l i t y  of f i t ,  t h e  second o r d e r  Doppler  s h i f t s ,  
a s  c a l c u l a t e d  from t h e s e  t h e o r e t i c a l  Ramsey p a t t e r n s  f o r  any one c loc '  , a l l  
a g r e e  w i t h i n  10 pHz f o r  a  p a r t i c u l a r  c l o c k  o r  one p a r t  i n  1015 of  t h e  
f requency  of t h e  c lock .  The p r e v i o u s  method used  For t h e  CsVI 's ,  which 
assumed a t r u n c a t e d  Maxwellian d i s t r i b u t i o n ,  i s  i n  agreement  w i t h  t h e  
p r e s e n t  method t o  w l t h i n  i ts  s t a t e d  ( 1  o )  e r r o r  of 2 x 10'14 o f  t h e  c l o c k  
frequency.  
U n f o r t u n a t e l y ,  t h e  r e s u l t s  t o  d a t e  a r e  n o t  a s  good on CsV. A t  t h e  time of 
measurement ,  t h e  c a l i b r a t e d  a t t e n u a t o r  u s e d  i n  CsV had a  much n a r r o w e r  r a n g e  
( 2 0  dB) t h a n  t h e  o n e s  on t h e  CsVI ' s  ( 7 0  dB). The u s e  o f  a n  u n c a l i b r a t e d  
a t t e n u a t o r  i n  s e r i e s  w i t h  i t  made t h e  measurements  more d i f f i c u l t  and  t h e  
r e p r o d u c i b i l i t y  was a d v e r s e l y  a f f e c t e d .  To o b t a i n  s u f f i c i e n t  microwave 
power,  t h e  Gunn o s c i l l a t o r  was t e m p o r a r i l y  r e p l a c e d  by a  100 mW k l y s t r o n  
( a l s o  phase  locked) .  The r e s u l t s  are shown i n  F i g u r e  9. 
I n  F i g u r e  9-b t h e  hump a t  a r o u n d  150 m / s  is f a l s e ;  and ,  p o s s i b l y ,  a l s o  t h e  
l o n g  t a i l  a t  h i g h  v e l o c i t i e s  (> 500 m/s) .  A Ramsey p a t t e r n  c a l c u l a t e d  From 
i t  would be s i g n i f i c a n t l y  i n  e r r o r .  I f  we u s e d  t h e  o t h e r  sets of d a t a ,  a t  
low m a g n e t i c  f i e l d  o r  low maximum power,  t h e  hump would be d i s p l a c e d  and t h e  
main peak would z l s o  be s l i g h t l y  a f f e c t e d .  
D e s p i t e  t h a t ,  t h e  Ramsey p a t t e r n  c a l c u l a t e d  i n  F i g u r e  10-b is  good t o  b e t t e r  
t h a n  1 %  up t o  500 Hz f rom t h e  c e n t e r  o f  resonance .  The e v a l u a t i o n  o f  t h e  
s e c o n d  o r d e r  Dopple r  s h i f t  may n o t  be q u i t e  as a c c u r a t e  a s  f o r  t h e  CsVI's.  
The maximum v a r i a t i o n  ( 5 0  is 6 p a r t s  i n  10IS  o f  t h e  f r e q u e n c y  o f  t h e  
c l o c k  u s i n g  t h e  d i f f e r e n t  sets of  d a t a  and w i l l  l i k e l y  be improved by u s i n g  
a  b e t t e r  a t t e n u a t o r .  
I t  seems t h a t  f o r  e a c h  NRC c l o c k  (CsV and t h e  C s V I i @ )  t h e  s e c o n d  o r d e r  
D o p p l e r  s h i f t  h a s  oeen o v e r e s t i m a t e d  i n  t h e  p a s t  by t h e  same amount. T h i s  
e r r o r  is s t i l l  w i t h i n  t h e  e r r o r  l i m i t s  o f  t h e  o l d  method t h a t  u s e d  t r u n c a t e d  
v e l o c i t y  t l i s t r i b u t i o n s l .  Adopt ion  of  t h e  new method w i l l  r e d u c e  t h e  NRC 
p r i m a r y  c l o c k  f r e q u e n c y  by 1.7 x 
B - The Mil lman e f f e c t  r e v i s i t e d  
A n o t h e r  s o u r c e  o f  e r r o r  i n  o u r  c l o c k s  is t h e  e v a l u a t i o n  o f  t h e  m a g n e t i c  
f i e l d  needed t o  o p e r a t e  t h e  c lock.  a t  z e r o  o f f s e t  i n  f r e q u e n c y .  I t  was 
r e p o r t e d  some y e a r s  a g o  by A.G. ~ u n ~ a j . 1 ~  ( 976) t h a t  t h e r e  was a  d i f f e r e n c e  
i n  f r e q u e n c y  between t h e  two o r i e n t a t i o n s  o f  t h e  m a g n e t i c  o r i e n t i n g  f i e l d  
( C - f i e l d )  i n  CsV. An e x p l a n a t i o n  based  on t h e  Mil lman e f f e c t  was t h e n  
t h o u g h t  t o  be t h e  s o l u t i o n ,  b u t  now p r o v e s  t o  be i n c o r r e c t .  A change  o f  
method i n  s e t t i n g  t h e  C - f i e l d  h a s  e l i m i n a t e d  t h e  f r e q u e n c y  s h i f t  on C - f i e l d  
r e v e r s a l  f o r  CsV. 
I n  t h e  o l d  method, t h e  m a g n e t i c  f i e l d  was e v a l u a t e d  w i t h  low f r e q u e n c y  c o i l s  
i n d u c i n g  (6 , -4 )  t o  (4 , -3)  t r a n s i t i o n s  a t  8 p o i q t s  a l o n g  t h e  beam t r a j e c t o r y .  
I n  t h e  new m e t h o d ,  t h e  f i e l d  d e p e n d e n t  m i c r o w a v e  t r a n s i t i o n s  ( m  = 1 o r  F 
r n ~  = - 1 ;  A m F  = 0 )  a re  c s e d  t o  e v a l u a t e  t h e  a v e r a g e  f i e i d  b e t w e e n  t h e  
e x c i t i n g  c a v i t i e s .  Both methods have  been  u s e d  i n  t h e  e v a l u a t i o n  of t h e  
C - f i e l d  o f  t h e  f o u r  p r i m a r y  C s  c l o c k s  i n  o p e r a t i o n  a t  NRC. 
F o r  CsV t h e r e  was t y p i c a l l y  a  f r a c t i o n a l  f r e q u e n c y  s h i f t  o f  1 x 10'13 when 
t h e  low f r e q u e n c y  method was u s e d  t o  set t h e  C - f i e l d  i n  t h e  r e v e r s e d ,  
compared t o  t h e  normal  d i r e c t i o n .  I f  t h e  microwave method was u s e d  t o  set 
t h e  f i e l d ,  no  s i g n i f i c a n t  s h i f t  was observed .  The a v e r a g e  of t h e  two 
methods a g r e e d ,  and  s i n c e  t h e  a v e r a g e d  C - f i e l d  h a s  a l w a y s  been used  f o r  
s e t t i n g  C s V ,  t h e  e f f e c t  and t h e  change  of  method f o r  C - f i e l d  e v a l u a t i o n  h a s  
had no i n f l u e n c e  on t h e  CsV time s c a l e .  The e x p l a n a t i o n  of t h e  C - f i e l d  
r e v e r s a l  e f f e c t  u s i n g  t h e  o l d  method, i n  terms of  t h e  Mil lman e f f e c t  on t h e  
c l o c k  f  requenci5,  i s  wrong. T h e o r e t i c a l l y  , t h e  Mil lman e f f e c t  c a n  e x i s t  
o n l y  f o r  A m F  = + 1  t r a n s i t t o n s  ( e g .  t h e  o l d  m e t h o d ' s  l o w  f r e q u e n c y  
t r a n s i t i o n s )  a n d  n o t  f o r  A q  = O t r a n s i t i o n s  ( s u c h  a s  t h e  c l o c k  t r a n s i t i o n  
and t h e  t r a n s i t i o n s  u s e d  f a r  t h e  new m e t h ~ d ) ~ .  The r e s u l t s  f o r  CsV c a n  be 
e x p l a i n e d  c o m p l e t e l y  a s  a Mil lman e f f e c t  a c t i o g  o n l y  on t h e  low f r e q u e n c y  
c r d n s i t i o n  used  f o r  t h e  o l d  method of  s e t t i n g  t h e  C- f ie ld .  
F o r  t h e  CsVI c l o c k s ,  i t  was found  t h a t  t h e  c l o c k  f r e q u e n c i e s  showed 
f r e q u e n c y  s h i f t s  w i t h  e i t h e r  method f o r  s e t t i n g  t h e  C-f i e l d .  F u r t h e r m o r e ,  
t h e  f r e q u e n c y  d e t e r m i n e d ,  u s i n g  t h e  a v e r a g e  o f  normal  and r e v e r s e d  C - f i e l d  
d i r e c t i o n ,  d i f f e r s  f o r  t h e  two methods by up t o  1  >i 10-13, The a v e r a g e  o f  
normal  and r e v e r s e d  C - f i e l d  d e t e r m i n e d  by t h e  microwave method h a s  a l w a y s  
been  used  f o r  t h e  CsVI c l o c k s ,  and a f t e r  e v a l u a t i o n  t h e y  have a g r e e d  w i t h  
t h e  CsV f r e q u e n c y  w i t h i n  a few p a r t s  i n  1014. 
111 t h e  c a s e  o f  t h e  CsVI c l o c k s ,  i t  seems t h a t  t h e  u n i f o r m i t y  o f  t h e  C-f i e l d  
i s  t h e  s o u r c e  o f  t h e  problem. I n  CsV, t h e  m a g n e t i c  s h i e l d s  a r e  l a r g e r  t h a n  
o n  t h e  C s V I  c l o c k s ,  and a n y  r e s i d u a l  m a g n e t i c  domains  a f f e c t  t h e  u n i f o r m i t y  
o f  t h e  f i e l d  t o  a  lesser e x t e n t .  S i m u l a t i n g  t h e  microwave method, o u r  
c a l c u l a t i o n s  have  shown t h a t  i f  t h e  e x c i t a t i o n  l e v e l  i s  n o t  i d ~ n t i c a l  i n  t h e  
two e x c i t a t i o n  r e g i o n s ,  t h z  C - f i e l d  i n h o m o g e n e i t i e s  ( i n  t h e  e x c i t a t i o n  
r e g i o n s  o r  i n  t h e  d r i f t  s p a c e )  c a n  c a u s e  Ramsey p a t t e r n  d i s t o r t i o n s  which 
make t h e  a v e r a g e  f r e q u e n c y  d i f f e r  f rom t h e  t r u e  f r e q u e n c y .  E m p i r i c a l l y  t h i s  
e f f e c t  is  l i k e l y  t o  be s m a l l  i n  o u r  c l o c k s  s i n c e  t h e  r a t e s  o f  a l l  f o u r  o f  
them are w i t h i n  a  few p a r t s  i n  1014 o f  e a c h  o t h e r  i m m e d i a t e l y  f o l l o w i n g  
e v a l u n t i o n .  
CONCLUSION 
We have  p r e s e n t e d  a  new and nuch more e x a c t  method f o r  e v a l u a t i o n  o f  t h e  
v e l o c i t y  d i s t r i b u t i o n  and t h e  s e c o n d  o r d e r  Dopple r  s h i r ' t  i n  ces ium beam 
f r e q u e n c y  s t a n d a r d s .  T h i s  method c a n  e v a l u a t e  t h e  s h i f t  t o  a n  a c c u r a c y  
b e t t e r  t h a n  a few p a r t s  i n  1015 o f  t h e  f r e q u e n c y  o f  t h e  c l o c k .  It  seems 
f e a s i b l e  t o  i a p r o v e  t h e  a c c u r a c y  e v e n  f u r t h c r  w i t h  b e t t e r  measurements .  The 
e v a l u a t i o n  o f  t h e  C - f i e l d  however is  s t i l l  l i m i t e d  t o  a  few p a r t s  i n  1014 
b e c a u s e  o f  t h e  u n c e r t a i n t i e s  l i n k e d  t o  t h e  method u s e d ,  and t h i s  u n c e r t a i n t y  
r e m a i n s  one of t h e  m a j o r  l i m i t a t i o n s  of N R C ' s  p r imary  c l o c k s .  
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Figure 1. High Power h y p e r f i n e  r e s o n a n c e s  a s  o b s e r v e d  i n  NRC p r i m a r y  
c e s i u m  c l o c k s .  The power l e v e l  is  20 dB above t h a t  f o r  normal  c l o c k  
o p e r a t i o n .  The s e v e n  0 and  s e v e n  x Rabi  p e d e s t e l s  are n o t  r e s o l v e d  a t  t h e  
normal  C - f i e l d  o f  67 mGauss ( u p p e r  c u r v e ) .  A t  a h i g h e r  C - f i e 1 1  o f  
260 mGauss t h e  R a b i  p e d e s t a l s  are r e s o l v e d  ( l o w e r  c u r v e ) ,  and t h e  
(3,O 4+ ( 4 , O )  Ramsey r e s o n a n c e  ( v e r t i c a l  a r r o w )  is n o t  g r e a t l y  c o n t a m i n a t e d  
by t h e  n e i g h b o u r i n g  RabC p e d e s t a l s .  
Smoothed I (b) 
I D  Time-of-flight 
. ?  1 d i s t r i bu t ion .  Velocity d i s t r i b u t i o ~  I A 
Ramsey pa t t e rn  vs frequency 
o m - ~ ~  PAQP: is' 
..,/)---LA 
2. Proclessing data for WI-A. 
The Cs  beam intensity vs (microwave a t  the centre of the (3.0) c+ (4.0) Ramsey 
r c m m e  is the ueasumd I(b) (upper left). Interpolation is used to create a set of equally 
spaced points, to which a "tail" is added (upper right). lhis cum i s  Fourier transforraed to 
obtain the t m f - f l i p J t  distribtion (middle left) th- one -- 1 cm mlcm~ave interaction 
region. 'Ihe time scale factor is only approximite at this stage. Usirlg t'(s); the - 1 m 
d i s m  and Eq. 6, a velocity dfstritution is obtained (dddle  m t ) .  Ihe w b i t y  scale 
factor ie only appmdmte a t  thFs stegp. lhe scale factor is accurately detenrdned by 
fittirlg the width of the calcttlated Remrey pattern (bottan) to experiment: t k d s  width depends 
on the nean tinre of flight beteen the two interactloo re@oos (2.090 m for 38V, 1.006 m fo:: 
the OsVI's). 
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Figure 3. I!b) ( a f t e r  i n t e r p o l a t i o n )  and t h e  v e l o c i t y  d i s t r i b u t i o n  
d e t e r m i n e d  f o r  CsVI-A a t  low C - f i e l d  (67 d a u s s ) .  Compared w i t h  F i  x r e '  7-a, 
n e i g h b o i r r i n g  t r a n s i t i o n s  have changed I ( b ) ,  y e t  t h e  mean v e l o c i t y  ( o v e r  t h e  
r a n g e  118 m / s  t o  457 m / s j  i s  230 m / s ,  and t h e  s e c o n d  o r d e r  D o p p l e r  s h i f t  f o r  
t h e  c l o c k  1s -23.2 x o f  t h e  c l o c k  f r e q u e n c y ,  v s  -23.1 x f o r  
F i g u r e  7-a. 
-.s 1: 
- 
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VELOCITY t 1 OBtn,'o S 
Figura  4, I (b)  (after interpolation) snd the v ~ l  ocity distribu~ion 
determined s t  low maximum microwave pwer 13 M) for CaFi-A. Compared v ~ t k  
Figure 7-a, i n  the velocity distribution (10 nM mxfmm power) there ere 
changer in the velocity distribution Clowr resolution and "osctllettona"), 
yet the mean velocity ( w e t  the range 121 m/a t o  522 d m )  is 230 mEa, ond 
the second order Doppler e h i f t  for the clock i a  -23.1 x 10'14 of t?., clock 
frequency, va -23.1 x 10-l4 for Figure 7-a. 
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F ly re  5. I ( b )  (after interpolation) and the velocity d i s t d b u t l o n  
def?rrsIned for CaVI-A with exceaa noise added ( r s  noise is 5% of the 
maximum;. This ahould be compared t o  Figure 7-A. The mean -relocity (over 
the range 122 m/s t o  984 m/s) is 232 . Is ,  and the second Doppler shift for 
the . lock is -23.1 x of the clock frequency, vs -23.: x lom1* for 
Figure 7-a. 
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Pfgure 6. I(b)  (after interpolation). and the velocity dfoir1b;t ion 
determined using 45 points of data for CaVX-C. This shouid be compared t o  
Figure 7-c for which 75 data points were used. The mean veloc i ty  (over the 
range :31 m/e t o  700 m/s) i a  238 m / s ,  and the second order Doppler s h i f t  for 
the clock -24.1 x of the clock Frequency va -24.1 x for 
Figure 7-c* 
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Figure  ?-a. I(b) (af tzr Interpolation) and the velocity d l  atrf bution for 
CsVf -A,  me mean velocity (ove': the range 113 m/s t o  522 m / s )  is 234 ah, 
and the second o ~ d e r  Doppler a h i f t  for the clock is -23.1 x 1 0 - l ~  of the 
clack frequency. 
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Figure 7-b. I(b) Caf tes  interpolation) and the velocity d l s t t t b u  tton for 
CeVK-B. The mean velocity (over the range 121 m/s to  610 m/a) is 248 m/a, 
and the second order Doppler s h i f t  for the clock l a  -25.7 r 20-lh of the  
clock frequency. 
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Figure PC. I(b) (after interpolation] and tlte velocity distrlbutioh for 
CeVI-C. The mean velocity over the range 123 m / s  t o  592 mJs is 236 m l s ,  and 
the aecond order Doppler s h f f t  of the clock l a  -24.1 x of the clock 
f requeney. 
Figure 8-a. Upper: Experimental Ramsey pattern for CsVI-A. 
Lower: Calculated Ramsey pattern for CsVI-A. 
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Figure 8-b. Calculated Ramsey pattern for CsVI-B. I t  d i f f er s  by l e s s  
than 1% from the experimental pattern. 
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Figure 8-c. Calculated Ramsey pattern for CsVI-C. it  d i f f er s  by l e s s  
than 1% from the experimental pattern. 
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Figure 9-a. Upper: I ( b )  ! a f t e r  i n t e r p o l a t i o n )  f o r  CsV. 
The maximum power l eve l  ' 3  28 mW. Three s e c t i o n s  of I ( b )  have been matched 
t o  extend t h e  20dB r a a  ~f t h e  c a l i b r a t e d  a t t e n u r s o r  i n  CsV. 
Figure 9-b. Lower: The v o l o c i t y  d i s t r i b u t i o n  determined f o r  CsV. The 
mean v e l o c i t v  (over  t h e  range 178 m / s  t o  700 m/s) i s  283 m / s ,  and t h e  second 
order  Dopplec s h i f t  f o r  t h e  c lock is -39.5 x 10-14 f o r  t h e  c lock frequency. 
Figure 10-8. Experimental Ramsey pattern for CsV.  
Figure 10-b. Calculated Ramsey pattern for CsV.  I t  d i f f er s  by l e s s  than 
1% from the experimental pattern above. 
QUESTIONS A N D  ANSWERS 
D A V I D  A L L A N ,  NATIONAL BUREAU OF STANDARDS: The accuracy numbers 
you q u o t e ,  a r e  t h e y  one  s i g m a ,  o r  two s i g m a ,  o r  t h r e e  s igma 
numbers? 
M R .  JACQUES: They a r e  one sigma. 
M R .  H E L L W I G :  What i s  t h e  N.  R .  C . I s  o f f i c i a l  c l a i m  f o r  t h e  
r e a l i z a t i o n  of t h e  second? 
M R .  JACQUES: We t h i n k  t h a t  we can  s a f e l y  c l a i m  a  p a r t  i n  t e n  t o  
t h e  t h i r t e e n t h ,  because,  d e s p i t e  a l l  of t h e  problems t h a t  we have 
i n  t h e  m a g n e t i c  s h i e l d s ,  t h e  f r e q u e n c i e s  a r e  w i t h i n  one t o  two 
p a r t s  i n  t e n  t o  t h e  f o u r t e e n t h ,  one  f rom t h e  o t h e r .  B u t  on t h e  
o t h e r  hand,  we a r e  n o t  s u r e  how l o n g  we can go. Because o f  t h o s e  
problems i n  t h e  magnetjc s h i e l d s ,  we can ' t  e v a l u a t e  them a s  well  
a s  we would l i k e .  We have o n l y  Cesium V f o r  which t h e  m a g n e t i c  
s h i e l d s  a r e  v e r y  s t a b l e .  T h i s  l e a v e s  u s  w i t h  o n l y  one  c l o c k ,  
which we can ' t  compbre t o  i t s e l f .  
M R .  HELLWIG:  You cannot compare using GPS? 
M R .  JACQUES: We j u s t  g o t  t h e  GPS r e c e i v e r ,  b u t  t h e  problem i s  
t h a t  we need t o  do t h e s e  comparisons wi th in  twenty-four  hours ,  o r  
p o s s i b l y  f o r t y - e i g h t  h o u r s  t o  be s u r e  t h a t  t h e y  a r e  a c c u r a t e ,  
e s p e c i a l l y  f o r  t h e  r e v e r s a l  o f  t h e  beam, which  we have t o  do a s  
f a s t  a s  poss ib le .  
